Introduction
On-load tap-changers (OLTCs) are considered as electro-mechanical switching equipment operating within tap-changing transformers. The operational principle of OLTCs is based on a sequence of switching events within certain timing intervals. The final target of these switching events is to change the transformer ratio using tapped windings to compensate over and under voltages originated from load variations [1] .
The safe and reliable operation of power transformers is very essential in minimizing the number of power system outages. According to international surveys, OLTCs are responsible for the majority of transformer failures [2] , [3] . OLTC is one of the most expensive and vulnerable parts of power transformers. Therefore, its operating conditions have to be continuously monitored. Many condition monitoring (CM) methods have been proposed and developed with respect to OLTCs in the literature.
The single-phase exciting-current test is an off-line technique and has been implemented to identify different problems within tap-changing transformers [4] .
Furthermore, the dissolved gas-in-oil analysis (DGA) has been utilized for the CM of OLTC by analyzing different gases in OLTC compartment produced during operating conditions and it can be executed using off-line and on-line techniques [5] .
The majority of available CM methods for OLTCs are based on vibration monitoring.
In this manner, several signal analysis and data classification methods have been used such as wavelet transform (WT) that includes the continuous wavelet transform (CWT) and discrete wavelet transform (DWT) [6] , [7] ; self-organizing map (SOM) [8] , [9] ; the combination of WT and SOM [10] ; the combination of WT and Hilbert transform [11] , [12] ; analysis of chaotic dynamic feature [13] ; the combination of chaos theory and fuzzy c-means algorithm [14] , [15] ; fractal geometry [16] , [17] ; genetic algorithm (GA) [18] ; the hidden Markov model (HMM) [19] ; time-frequency analysis [20] .
The combination of vibration measurement and arcing signal analysis has been also proposed [21] . Arcing signal has been be measured by a split core high frequency current transformer which is mounted on the grounding cable of power transformer.
Dynamic resistance measurement (DRM) technique has been also used for failure detection and contact erosion identification of OLTCs [22] , [23] . A chromatic analysis of acoustic signals using the optical fiber sensor has been also proposed [24] . The mounting location of sensors must be as close as possible to the OLTC on the tank of tap-changing transformer. In addition, the combination of the motor current signature and vibro-acoustic measurement has been utilized for the CM of OLTCs [25] .
Electrical wear of contacts occurs due to the high temperature of electric arc events, which in return produces power or energy loss. Therefore, not only arcing currents but also arcing voltages are behind the electrical wear of contact. The authors have recently introduced an arcing power-based CM algorithm for circuit breakers (CBs) in which the correlation between the cumulative arcing energy and the electrical wear of CB contacts has been demonstrated [26] . On the other hand, several power-based digital protection algorithms have been successfully applied to the loss of utility grid supply, islanding, pole slipping, and protection against asymmetrical faults of generators [27] - [29] . This paper introduces a novel modeling principle for OLTCs based on the CB arc models as its first contribution. The second contribution of the paper is a new powerbased algorithm for the CM of OLTCs using the measurements of power loss due to the arcing event and the related energy that can be implemented in a real-time framework.
Modeling of On-Load Tap-Changers Using Circuit Breaker Arc Models
Up to the present time, there is no arc-based model in the literature to represent the OLTC operation. The existing electrical models of OLTC regulating transformers can only simulate the tap-changing operations as ideal switching events [30] - [31] .
Therefore, this section deals with the arc modeling of OLTCs. The operating mechanism of OLTCs is based on a sequence of switching events in order to change the winding turn's ratio of transformer and the ultimate target of OLTC is to change the transformer voltage ratio without interrupting load currents that is called "make-beforebreak". There are two categories of OLTCs with respect to the arc extinction medium, namely, the oil-type and the vacuum-type OLTCs. Another classification is based on the current-limiting elements. In this regard, both the resistor-type and reactor-type transition elements can be used in order to reduce the temporary circulating current. In this paper, the resistor oil-type OLTC is considered, because it needs more frequent maintenance compared to the vacuum-type. In the oil-type OLTC, there are two switching principles for changing the tap position which are the selector switch-type (arcing tap switch) and the diverter switch-type (arcing switch). The diverter switch-type of OLTC works with a tap selector and is designed for higher ratings and voltages, whereas in the selector switch-type of OLTC, the function of both diverter and selector switches is integrated in a selector switch and it is used for lower ratings and voltages. Based on the above expressions, a new modeling concept for the OLTC switching operations has been proposed that uses the CB arc models.
There are basically two arc models that are the foundation of other extended models.
The first model has been proposed by A. M. Cassie in 1939 [32] . This model considers an arc channel with constant quantities of current density, electric field intensity, and temperature. The second arc model has been proposed by O. Mayr in 1943 [33] . In this model, the temperature is changing but the size and the shape of arc column are considered as constant.
Consequently, the combination of these arc models can accurately represent the arc transient behavior in both high and low current regions as a generalized arc model [34] . In Fig. 4 , a tap-changing operation between the tap position 3 and 2 is executed. The timing sequence of OLTC operation was noted earlier in Fig. 2 However, the serious weakness of this method is that it solely considers the constant mechanical wear of contacts and fully ignores the electrical wear of OLTC's contacts caused by different levels of load currents.
B. Proposed arcing power-based CM method
The proposed CM method for OLTC uses the arcing power and related arcing energy under different operating conditions. The instantaneous input power of transformer (i.e., ( )) is measured using the input voltage (i.e., ( )) and input current (i.e., ( )) of transformer and the instantaneous output power of transformer (i.e., ( )) can be easily captured utilizing the output voltage (i.e., ( )) and output current (i.e., ( )) of transformer as follows,
The instantaneous differential power between the input and output of transformer can be calculated as follows,
where, is the transformer power loss, is the power loss on the OLTC transition resistors, is the arcing power originated by tap-changing operation.
Based on equations (3), (4), and (5), the instantaneous differential power of transformer is always equal to the internal power loss except during tap-changing operation in which the OLTC arcing power (power loss due to the arcing event) also integrates to the instantaneous differential power. Thereby, the arcing powers of the OLTC operations can be calculated for different operating conditions using equations (1) to (5). This process does not need to be synchronized to power system frequency. The issue of time/frequency synchronization is very concerning especially during power system transient conditions. The problem is that it requires an advanced filtering and hence a high computation time for a successful synchronization.
The proposed arcing power-based CM algorithm for OLTCs is explained in details by the following steps.
1) Measurement of instantaneous differential power
The voltage and current signals of input and output terminals of power transformer are measured using digitalized samples. The numerical implementations of equations (1), (2), and (3) can be performed using the following formulas in order to calculate the instantaneous power difference between the terminals of power of transformer,
where, s is the sampling rate and Ts is the sampling period.
2) Estimation of transformer power loss
The instantaneous power loss of transformer under different operating conditions can be estimated using the combination of scaling equations as follows [37] ,
where, ( ) and ( ) are the active and reactive iron or core losses obtained from no-load test; ( ) and ( ) are the active and reactive copper losses calculated by full-load test; the input index indicates the high-voltage side and the output index is the low-voltage side of transformer (i.e., a step-down transformer has been assumed in this paper). In case of having a step-up transformer, the input and output indices in equation (9) must be substituted because the metering sides of no-load and full-load tests will be changed accordingly.
3) Estimation of power loss on the OLTC transition resistors
The power loss on the OLTC transition resistors can be estimated as follows,
where, is the instantaneous step voltage of OLTC and is the OLTC transition resistance defined by manufacturers.
4) Calculation of arcing power (Power loss due to arcing incident)
The arcing power of OLTC under tap-changing condition can be calculated as follows,
where, ∆ is the instantaneous differential powers under tap-changing conditions and is the instantaneous power loss, and is the power loss on the OLTC transition resistors.
5) Moving average of arcing power
A moving average filter performs an averaging on input data sequence to have a smooth output data sequence. In this regard, certain number of points are taken from input data to produce output data points. Thus, the moving average of arcing power of transformer can be expressed as follows [38] , (12) where, N is the window length of the filter; j is the sampling index of the arcing power of transformer; is the arcing power of transformer; is the moving average of the arcing power of transformer.
Thereby, the moving average filter effectively removes high frequency components and provides a smooth and more reliable instantaneous power signal for the proposed algorithm.
6) Condition monitoring threshold value
The CM threshold value that remains constant within the CM process needs to be initially determined for each certain type of OLTC using following equation.
where, n is the number of samples of instantaneous power, is the number of permissible operations (i.e., without requiring the inspection or maintenance of OLTC contacts) at the rated step capacity of OLTC that is defined by manufacturer,
is the moving average of the OLTC arcing power of transformer at the maximum rated step capacity of OLTC, and k is the exponent value of the arcing power of transformer changing from 1.0 to 2.0 relating to the dielectric withstand of OLTC insulation defined by manufacturers. The dielectric withstand of oil decreases fast and therefore the exponent value is taken as 2.0 for oil-type OLTCs. For vacuum-type OLTCs, the exponent value is typically 1.5 [39] .
Specifically, the alarm level of CM algorithm for the OLTC used in this study has been calculated as 11 MVA.s, as listed in Table 4 .
7) Condition monitoring alarm criteria
The following formula accumulates the integrations or summations of the measured arcing powers (i.e., arcing energies) following each OLTC operation to calculate the cumulative arcing energy of tap-changing transformer as follows,
where, m is the number of tap-changing operations.
The CM alarm criteria is evaluated by comparing the cumulative arcing energy to the CM threshold value during each OLTC operation as follows,
Whenever the accumulated arcing energy exceeds the predefined threshold value, an alarm signal will be initiated by the CM algorithm to inform the system operator. This warning flag indicates that the maximum electrical wear of OLTC contacts is reached and the inspection or maintenance is necessary. Otherwise, the proposed CM algorithm continues to measure and accumulate the forthcoming arcing powers of transformer during next tap-changing operations. 
Computer Simulation Studies
The simulation studies have been carried out to evaluate the performance of the proposed algorithm. A modification of the IEEE 13-bus balanced industrial distribution system excluding the local (in-plant) generator and the related auxiliary bus has been simulated in the EMTP-RV as illustrated in Fig 6 [40] . The main power transformer of the balanced industrial distribution test system (15 MVA, 69 kV/13.8 kV) has been equipped with the OLTC arc model. The technical specifications related to the main power transformer and its OLTC are listed in Table 1 and Table 2 [41], respectively. These black-box arc parameters have been presumably considered for the OLTC.
However, the actual arc parameters associated with each type of OLTC can be acquired using laboratory measurements. The resistance, inductance, and capacitance of the TRV branch of the CB model are considered as 0.5 Ω, 1 µH, and 1.6 nF, respectively [34] .
The step voltages of transformer winding have been considered as 1.5 kV (i.e., the maximum permissible step voltage that can be applied between two adjacent contacts of OLTC). As the distribution test system is completely balanced, the entire simulation studies have been executed on single-phase base throughout the paper.
The industrial distribution system has a nominal frequency of 60 Hz. The sampling frequency has been set to 1 MHz and the total simulation period is 100 ms. The length of the moving average window has been preselected as 10 ms which includes 10,000
samples. The exponent quantity (k) in equations (13) and (14) has been considered as 2.0 for the investigated oil-type OLTC. However, it can be changed according to the dielectric withstand of OLTC insulations relating to different types of OLTCs defined by manufacturers. The number of permissible tap-changing operations at the maximum rated through current and rated step capacity has been set to 80,000 by the manufacturer according to the mechanical withstand of OLTC.
A. Simulation studies for the OLTC operation
In this section, the OLTC model will be implemented which utilizes the arc modeling principle inferred from the CB arc models as noted in section II. Each switching operation of the OLTC is separately simulated with the generalized Cassie-Mayr arc model. Fig. 7 illustrates the currents and voltages of the OLTC MSCs and TCs. The OLTC starts its operation at time zero and the MSC1 opens at 8 ms with the TC1 already closed at 4 ms as seen in Fig. 7(a) . In the next step, the TC2 closes at 27 ms and the TC1 opens at 33 ms as depicted in Fig. 7(b) . The formation of circulating current is the most critical part of the tap-changing procedure which occurs between 27 ms and 33 ms as shown in Fig. 7(c) . Finally, the MSC2 closes at 51 ms and the TC2 opens at 55 ms which means one step tap-changing operation has been completed as illustrated in Fig in Fig. 8(e) . The arcing energy associated to one tap-changing operation is 1.058 kVA.s as depicted in Fig. 8(e) . The power estimation of OLTC's contacts can only be realized using simulation studies as done in this section, because the OLTC terminals are inside the transformer tank immersed in oil and thus inaccessible in practical situations.
Energy Level = 1.058 kVA.s Fig. 8 . Arcing powers of the TC1 and TC2, total arcing power of the OLTC's MSCs and TCs, filtered power, and total arcing energy for one step tap-changing operation under the system rated loading.
B. Simulation studies for the OLTC condition monitoring
This section contains the performance analysis of the CM algorithm using simulation studies. In this regard, four case studies associated to one step tap-changing operation under the system rated loading and different current levels of OLTC will be considered.
The instantaneous power loss of transformer is estimated by the no-load and full-load test quantities. The active and reactive power losses with respect to the no-load and fullload tests are listed in Table 1 . Thus, the instantaneous power loss of the main power transformer can be calculated using equation (9) .
As noted earlier, the modeled OLTC is capable of performing 80,000 tap-changing operations without requiring any inspection or maintenance. This amount of operation relates to the mechanical wear of OLTC's contacts that is constant for each tapchanging operation. However, the electrical wear of OLTC's contacts is a function of transformer load current under different operating conditions. Thus, the CM threshold value can be calculated using equation (13) which is about 11 MVA.s as stated before.
This value will be used to calculate the number of permissible operations related to various tap-changing currents and powers.
Figs. 9(a) and 9(b) display respectively the instantaneous differential power and the estimation of instantaneous power loss of the main transformer feeding the distribution system during tap-changing operation under the system rated loading. The total arcing power of OLTC is calculated by subtracting the transformer estimated power loss from its instantaneous differential power as seen Fig. 9(c) . The moving average of total arcing power shown Fig. 9(d) is used to estimate the arcing energy associated to one tap-changing operation which is 1.029 kVA.s in this case and illustrated in Fig. 9 (e).
Energy Level = 1.029 kVA.s Fig. 9 . Response of the CM algorithm for a tap-changing operation under the system rated loading.
The comparison between the energy levels in Fig. 8(e) and Fig. 9 (e) demonstrates that the arcing energy calculated across the terminals of OLTC's contacts (i.e., 1.058 kVA.s)
is highly in accordance to the total arcing energy obtained from the proposed algorithm (i.e., 1.029 kVA.s). The latter case can be implemented practically.
This is a significant finding as it reveals the arcing energy initiated by the OLTC tapchanging operation using an indirect measurement technique (i.e., measuring power difference between the input and output terminals of tap-changing transformer). This is also an extremely valuable outcome, because most of OLTCs are inside the power transformer tanks and immersed in oil as noted earlier. Consequently, the direct measurement of OLTC's arcing power using the voltage and current signals of OLTC's MSCs and TCs is practically impossible.
Figs. 10(a), 10(b), and 10(c) illustrate the total arcing power, moving average of arcing power and arcing energy of the main transformer feeding the test system during tap-changing operation under the maximum rated through current of OLTC as noted in Table 2 (or the maximum rated step capacity of OLTC as mentioned in Table 2 ). In this case, the arcing energy has been calculated as 11.735 kVA.s which is only 0.00127 % of the CM threshold value. In this case, after 80,000 tap-changing operations, the inspection or maintenance of OLTC contacts becomes necessary as seen in Table 4 .
Energy Level = 11.735 kVA.s Fig. 10 . Response of the CM algorithm for a tap-changing operation under the maximum rated through current of OLTC.
Figs. 11(a), 11(b), and 11(c) illustrate the total arcing power, moving average of arcing power and arcing energy of the main transformer feeding the test system during tap-changing operation under the rated short-time withstand current of OLTC as listed in Table 2 . In this case, the related energy has been calculated as 2314.1 kVA.s which is about 21 % the CM alarm value. In this situation, the inspection or maintenance of OLTC becomes essential only after 2 tap-changing operations as indicated Table 4 .
Figs. 12(a), 12(b), and 12(c) illustrate the total arcing power, moving average of arcing power and arcing energy of the main transformer feeding the test system during tap-changing operation under a phase-phase short circuit faulty operation. In this case, the internal failure of OLTC will lead to the continuation of arc phenomena and thus the moving average of arcing power never goes to zero as illustrated in Fig. 12(b) which means the total arcing energy always increases as seen in Fig. 12(c) . This is a dangerous situation and therefore must be detected in a timely manner in order to prevent a catastrophic failure of the OLTC and consequently the entire power transformer unit. In this regard, a comprehensive study is required to evaluate the existing protection schemes of OLTCs and power transformers. The protection relays must be capable of detecting a continuous arcing condition within millisecond range and a trip signal should be issued immediately when a fault is identified.
Energy Level = 2.3141 MVA.s Fig. 11 . Response of the CM algorithm for a tap-changing operation under the rated short-time withstand current of OLTC.
Fig. 12.
Response of the CM algorithm for a tap-changing operation under a faulty operation due to an internal failure of OLTC.
Finally, considering the proposed CM method, the number of permissible tapchanging operations for different levels of load currents and powers is calculated using equation (14) . Table 4 The proposed arcing power-based algorithm continuously and accurately calculates the number of permissible tap-changing operations based on different loading conditions. In this way, as the value of transformer loadings increases, the number of permissible tap-changing operations decreases. Using this method, the exact time of the inspection or maintenance of OLTC's contacts and/or the oil replacement time will be determined. 
Real-Time Test Studies of the OLTC Operation
Real-time experiments for the OLTC operation are performed in order to verify and validate the performance of the proposed OLTC model. The same OLTC with technical specifications mentioned in Table 2 is used for the real-time tests. The voltages across the terminals of OLTC's TCs and the currents passing through these contacts have been measured for the performance analysis of the proposed model. The measurement period is taken as 100ms and the sampling step is 20 µs, therefore the sampling frequency of the data acquisition system is 50 kHz. The system frequency of the experimental setup is 50 Hz. The window length of the applied moving average filter is considered 8ms that contains 400 samples relating to the sampling frequency. The OLTC operation starts at 17ms to change tap position. The voltage across the TC1 starts to appear at the same time which takes about 35ms to completely recover as seen in Fig. 15(a) . On the other hand, the voltage across the TC2 starts to vanish at 48ms and takes about 35ms to completely go to zero as depicted in Fig. 15(c) . The entire process which involves the operation of TC1 and TC2, changes the OLTC position from one step to another. The circulating current flows for 4ms from 48ms to 52ms which is the current going through the both TCs at the same time. This is close to the results obtained from simulation studies which showed a 6ms flow of circulating current. Clearly, the real-time arcing power of TC1 in Fig. 15(b) follows the same trend as the arcing power obtained from simulation studies as shown in Fig. 8(a) . On the other hand, the real-time arcing power of TC2 in Figure 10 .3(d) is very similar to that obtained from simulation studies as illustrated in Fig. 8(b) . The total arcing energy of real-time test studies is calculated as 1.1007 kVA.s as it is shown in Figure 16 (c) which is in accordance to the total arcing energy obtained from the simulation studies (1.058 kVA.s) as illustrated in Fig. 8(e) .
In this section, the real-time test studies for the OLTC operation has been performed. 
Discussions and Conclusions
This paper proposes an original modeling concept for OLTCs based on the existing CB arc models and also introduces a novel CM algorithm that utilizes the instantaneous differential power of transformers to calculate the OLTC arcing power and its related arcing energy for determining the inspection or maintenance times of OLTC contacts.
The CM procedure has been realized utilizing the cumulative arcing energy of OLTC operations. Whenever the accumulated arcing energy reaches the CM threshold value, it
indicates that the maximum contact wear of OLTC's arcing contacts has been reached and hence the inspection or maintenance alarm signal is initiated to inform the system operator. The results obtained from simulation studies prove that the proposed CM algorithm is perfectly capable of evaluating the degradation level of OLTC's contacts.
The measured results from the real-time test studies verify and validate the performance of the proposed OLTC model.
Other mechanical issue such as looseness of springs, coking on switches and contacts, defects of motor drive mechanism, and misalignments of contacts can increase the arcing time of tap-changing operations. This will generate a higher arcing energy and therefore a higher electrical wear of OLTC contacts. By considering the cumulative arcing energy, the algorithm takes the effects of these issues into account as well.
The findings of this research are mentioned in the following items.
 An original OLTC model has been introduced that benefits from the arc modeling concepts of CB.
 A new arcing power-based algorithm is introduced that estimates the electrical wear of OLTC's contacts for estimating the OLTC inspection or maintenance times.
 The proposed algorithm uses the instantaneous differential power between the input and output terminals of transformer to calculate the arcing power of OLTC's contacts. This is highly valuable because the direct power measurements of OLTC's contacts are impossible due to accessibility issues.
 The arcing power measurement considers both changes in the arcing current and voltage of OLTC that provides more accurate estimations of the degradation level of OLTC contacts and thus their inspection or maintenance schedules.
 The proposed algorithm uses the OLTC arcing powers that solely exist during tapchanging conditions and hence the measurement does not require to be synchronized to power system frequency. This is an advantage of the proposed algorithm because a successful time/frequency synchronization requires an advanced filtering and hence a higher computation time.
 The moving average filter used in the algorithm effectively removes the high frequency components of arcing power to provide more smooth and reliable signals for the proposed algorithm.
